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ABSTRACT 
Surface acoustic wave (SAW) filters were fabricated on an Mg-doped GaN epilayer 
using liftoff photolithography. The measurement of the time response showed that these 
devices had very weak output signals. The center frequencies were 136.09MHz, 114.48MHz 
and 98.64MHz for devices with wavelengths of 40µm, 48µm and 56µm, respectively. No 
change of the reflection coefficient was detectable using the available network analyzer for 
all devices around the center frequencies. The insertion loss for all devices was higher than 
80dB. The upper bound of the electromechanical coupling coefficient (K2) of the Mg-doped 
GaN epilayer was calculated to be 1×10-4%. This is much less than other III-V materials, and 
so this material does not appear to be promising for SAW applications. 
A design of an acoustic charge transfer (ACT) device which has been previously 
proposed with pentacene as the charge transfer channel is discussed. Because the charge 
mobility of pentacene is very small, the minimum requirement of the SAW power per unit 
acoustic aperture was calculated to be very high. In order to reduce the required electrical 
drive power, a parabolic SAW beam compressor was used and the detailed design of the 
parabolic compressor is given. It is known that commercially available pentacene contains 
nonnegligible amounts of impurities so that its charge mobility will be low. Therefore, a 
temperature gradient furnace was set up to distill pentacene to improve the carrier mobility. 
The device is expected to be fabricated using standard liftoff photolithographic techniques. 
However, some problems were met when the pentacene charge transfer channel was 
fabricated. Solutions, such as heating the substrate during the deposition and growing some 
other material between pentacene and the substrate as an adhesive, are under investigation. 
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CHAPTER 1. INTRODUCTION 
1.1 Surface acoustic wave devices 
Surface acoustic waves (SAWs) have been studied for over a hundred years. SAWs 
were first reported as elastic waves propagating along a surface of a solid by Lord Rayleigh 
in 1885 [1]. However, for a long time, SAW had not been applied to electronic devices 
because of the lack of efficient generation and detection. In 1965, White and Voltmer [2] 
reported that an interdigital transducer (IDT) could efficiently excite a SAW in a 
piezoelectric solid if a sinusoidal voltage was applied to it. This invention made SAW attract 
many interests. Since SAWs can transfer electrical signals through IDTs, their great 
advantages in signal processing were soon realized. Many SAW devices then started to be 
explored. Some of them were soon successful and found their first applications in military 
systems. Since then, with the development of SAW devices, they have found more and more 
applications in different areas. Today, SAW devices have been widely used in consumer, 
commercial, and military systems. For consumer applications, SAW devices, such as filters, 
resonators and delay lines, can be commonly seen in TV sets, VCRs, Satellite TV receivers, 
cell phones, cordless phones, pagers, keyless entry systems, home and car security systems, 
and medical alert devices [3-4]. For commercial applications, they provide state-of-the-art 
performance to many systems, including CATV/MATV (cable television and master antenna 
television) headends, local area networks, satellite data receivers, digital microwave systems, 
fiber optical repeaters, TV test equipments, RF synthesizers, and spectrum analyzers [4]. For 
military applications, SAW devices play key roles in radar, electronic warfare, electronic 
counter measure, electronic counter counter measure, and distance measure systems [4]. 
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The huge success of SAW devices is due to their excellent performance features 
when compared to competing technologies. These include [5]: 
1. SAW devices can provide complex signal processing functions within a single 
package. 
2. SAW devices can be mass produced using semiconductor fabrication techniques 
so that they are cost competitive in mass-volume applications.  
3. SAW devices can have outstanding reproducibility in performance, from device 
to device. 
4. SAW devices can be implemented in small, rugged, light and power efficient 
modules. 
5. SAW devices can be employed in many digital communication systems. 
6. SAW filters can be made to operate very efficiently at high-harmonic modes [6]. 
1.2 Acoustic charge transfer devices 
In 1982, Hoskins et al. [7] demonstrated the first successful acoustic charge transfer 
(ACT) device. After that, the primary development of ACT technology was mainly focused 
on the device architecture used to achieve electrical transfer channel isolation [8]. In 1987, 
Hoskins and Hunsinger [8] reviewed the development of ACT devices at that time. They 
discussed four ACT device functional capabilities and demonstrated the signal processing 
performance of an ACT delay line, transversal filter, and a spread spectrum correlator. 
Following that, a wide range of ACT signal processors was developed. For example, 
Hunsinger [9] described a signal microprocessor enabled by ACT technology; Bales et al. 
[10] reported a GaAs ACT/IC programmable wide-band analog siganal processor; and Miller 
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et al. [11] reported a programmable transversal filter which could execute 2×1010 multiply 
and sum operations per second. In 1993, Vigil et al. [12] reported seven areas to which the 
application of ACT technology was at some stage of development. Unlike a SAW device 
which only processes signals with a selected frequency, an ACT device just uses the SAW as 
a “clock” to sample signals. Therefore, an ACT device can be made programmable and under 
control of a digital processor. This is the most attractive feature of the ACT technology and it 
makes ACT devices well suit for certain intensive, repetitive, pipelined operations like 
convolution and correlation, which are hard to do efficiently on a digital computer. The 
applications of ACT devices are wide. They include pulse compression, multichannel 
matching, waveform generation, clutter cancellation, Doppler processing, and beamforming 
in radar systems; signal sorting, signal characterization, and false signal generation in 
electronic warfare; and spread spectrum correlators, band shaping, equalization, and coded 
waveform generation [13]. 
1.3 Thesis organization 
This thesis is divided into five remaining chapters. Chapter 2 briefly reviews the 
theory of SAW. Wave equations of SAWs in different materials are given. The operation of 
an IDT is also briefly described in Chapter 2. Chapter 3 introduces basics of an ACT device. 
In this chapter the basic operation of an ACT device is described. In order to make an ACT 
device work, the minimum requirement of SAW power must be achieved. The calculation of 
the minimum requirement is discussed. In this chapter, different structures of the ACT 
devices are also briefly described. Chapter 4 discusses the measurement of the piezoelectric 
coupling constant in epitaxial Mg-doped GaN. Chapter 5 discusses the design of a pentacene 
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ACT device and describes the problems met during the fabrication of the devices. Chapter 6 
will provide a project summary and a discussion regarding future work. 
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CHAPTER 2. BASICS OF SURFACE ACOUSTIC WAVES 
AND PIEZOELECTRICITY 
2.1 Surface acoustic wave in a non-piezoelectric elastic solid medium  
2.1.1 Wave equations 
In a homogenous solid medium, the equations of motion of a particle in Cartesian 
coordinate system is [14] 
∑
=
∂
∂
=
∂
∂ 3
1
2
2
j j
iji
x
T
t
uρ  (i=1, 2, 3).   (2.1) 
where ρ is the density of the medium, ui is the xi component of the displacement of the 
infinitesimal volume element and Tij is the xi component of the stress acting on a surface 
normal to xj axis. The detailed derivation is shown in Appendix A. Using the Einstein 
summation convention which implies that when an index occurs more than once in the same 
expression, the expression is implicitly summed over all possible values for that index, (2.1) 
can be reduced to 
j
iji
x
T
t
u
∂
∂
=
∂
∂
2
2
ρ  (i, j=1, 2, 3).   (2.2) 
If the solid medium is non-piezoelectric, according to Hooke’s law, the stresses can 
be written as 
klijklij ScT =
  (i, j, k, l=1, 2, 3),  (2.3) 
where cijkl are the components of the elastic stiffness tensor, and Skl are the components of the 
strain tensor and defined as 
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Because cijkl=cijlk [15], substituting (2.4) into (2.3) yields 
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Substitution of (2.5) into (2.2) leads to 
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ρ  (i, j, k, l=1, 2, 3).  (2.6) 
These are the wave equations in a non-piezoelectric elastic solid medium. Solving these 
equations will give the characteristics of all elastic waves in the medium. 
2.1.2 Surface acoustic waves 
Consider an elastic solid medium with infinite extent in the x1 and x3 directions but 
with a boundary at x3=0, so that the medium occupies the space x3<0 and the space x3>0 is a 
free space, as shown in Figure 2.1. Therefore, the solutions to the wave equations (2.6) must 
satisfy the following boundary condition: 
 
Figure 2.1 Axes for SAW analysis. 
x3 
x2 
x1 
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0333231 === TTT   at x3=0.  (2.7) 
If the elastic solid medium is isotropic and a SAW propagates along the x1 axis, the 
SAW solution to (2.6) which satisfies the boundary condition (2.7) is given by [16] 
( ) ( )[ ] ( )[ ]vtxikxkbAxkbCu −−= 132311 expexpexp   
02 =u         (2.8) 
( ) ( ) ( )[ ]vtxikxkb
A
xkbCibu −



−−= 1323113 expexp
1
exp ,  
where  
( )
( )
( ) 2/121
2/122
2
2/122
1
/1
/1
bbA
vvb
vvb
t
l
=
−=
−=
 
and vt, vl are the velocities of the bulk shear wave and the bulk longitudinal wave, 
respectively. The SAW described by (2.8) is also called a Rayleigh wave. 
It is obvious from (2.8) that the particle displacement vector of a Rayleigh wave only 
has two components: one is along the x1 axis and the other is along the x3 axis, and there is a 
pi/2 phase shift between u1 and u3. Therefore, the particle trace of a Rayleigh wave is an 
ellipse. Since the amplitudes of u1 and u3 exponentially decrease with x3, the shape of the 
ellipse changes with x3 and the disturbance becomes negligible for depths more than a few 
wavelengths from the surface. 
If the elastic solid medium is anisotropic, solving the wave equations (2.6) becomes 
very intricate and usually can only be done numerically. The SAW in an anisotropic medium 
will have some different properties from that in an isotropic medium [15]. 
 The surface wave velocity depends on the direction of propagation in the free 
surface plane except if this plane is orthogonal to a six-fold axis. 
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 If the sagittal plane (x1x3 plane) is not a symmetry plane the elastic properties, the 
displacement vector has three components and it runs along an ellipse. 
 Generally, the energy flux is not parallel to the propagation direction. Only at the 
surface of selected planes and for specific direction, they can be in the same 
direction. 
2.2 Surface acoustic wave in a piezoelectric elastic solid medium 
As shown in detail in Appendix B, the wave equations in a piezoelectric material are 
[14]: 
jk
kij
kl
kE
ijkl
i
xx
e
xx
u
c
t
u
∂∂
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+
∂∂
∂
=
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∂ 22
2
2
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xxxx
u
e ε .    (2.10) 
where Eijklc  is the elastic constant when the electric field is a constant, kije  is the piezoelectric 
constant, Φ is electric potential, and εjk is the components of the dielectric constant of the 
piezoelectric material. A solution to the equation set of (2.9) and (2.10) also needs to satisfy 
the mechanical and electric boundary conditions: 
033 =∂
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∂
∂
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l
k
kli
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e
x
u
c
 
3
033
xxx
u
e
k
k
l
k
kl ∂
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−=
∂
Φ∂
−
∂
∂
εε  
02 =Φ∇   )0( 3 >x . 
The SAW solution can only be found by numerically solving the equation set (2.9) 
and (2.10) with the above boundary conditions. Since the effect of the piezoelectricity is to 
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increase the effective elastic constants [16], an electromechanical coupling constant K2 can 
be used to describe this effect. The electromechanical coupling constant K2 is defined as [16] 
kjjkijkl
nmnklmij
ijkl
nnc
nnee
K
ε
=
2
, (i, j, k, l, m, n=1, 2, 3) 
where ni is the direction cosine of the wave propagation direction with respect to the 
Cartesian axis xi. Therefore, the SAW in a piezoelectric medium has similar properties as that 
in an anisotropic non-piezoelectric medium. Besides, along with the propagation of the SAW, 
there exists a traveling electric field moving at the same speed as the SAW. That traveling 
electric field is the very basis of an acoustic charge transfer device. 
2.3 Basics of interdigital transducers 
2.3.1 The structure of a typical interdigital transducer 
Interdigital transducers (IDTs) are used to generate and detect SAWs on the surface 
of a piezoelectric substrate. They are the building blocks of surface wave filters. Generally, 
IDTs comprise two sets of metallic electrodes which are interleaved with each other and 
periodically arranged in a plane. Figure 2.2 schematically shows the structure of an uniform 
periodic IDT with single electrodes. In this structure, the width of each electrode and the 
spacing between the adjacent two electrodes are λ/4, where λ is the SAW wavelength. 
2.3.2 The principles of interdigital transducer operation 
When voltage is applied to an IDT, an electric field distribution in the substrate will 
be established between the electrodes, as shown in Figure 2.3 [14]. These electric fields have 
a spatial period same as that of the IDT electrodes. If the IDT is made on the surface of a 
piezoelectric substrate, then because of piezoelectric coupling, these electric fields can  
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Figure 2.2 Schematic structure of a uniform IDT with single electrodes. 
 
Figure 2.3 Electric field distributions of an IDT 
produce a corresponding elastic strain distribution. When a sinusoidal voltage is applied, the 
elastic strains will oscillate with the applied voltage and each pair of electrodes can produce a 
SAW. If the applied voltage has a proper frequency of v/λ, where v is the SAW velocity in 
the substrate, and λ is the SAW wavelength, all the SAWs will have the same phase, i.e. 
these SAWs are constructive. This frequency is called the center frequency. Therefore, The 
IDT will output a maximum SAW and the SAW can travel across the device. If this SAW 
reaches another identical IDT on the substrate, it will be converted to voltage at the receiver 
IDT by piezoelectric coupling. 
λ 
λ/4 
λ/4 
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2.3.3 Electrode reflections of an IDT 
The metal electrodes of an IDT will short the electric fields under them. This short 
condition will cause the discontinuity of SAW. Therefore, SAW will be reflected at the edge 
of the electrodes. For a uniform periodic IDT with single electrodes operating at the center 
frequency, the reflected SAWs at the edges of two adjacent electrodes have a phase shift of 
2pi, which means that the reflections will add in phase. Figure 2.4 schematically shows the 
reflections for a single-electrode IDT [5].  
 
Figure 2.4 Reflections from the electrodes of a single finger IDT 
In order to reduce the reflections from the electrodes, IDTs with double finger 
electrodes are typically used. Figure 2.5 shows the structure of a uniform periodic IDT with 
double finger electrodes. Unlike a single finger IDT, in the structure of a double finger IDT, 
the width of each electrode and the spacing between the adjacent two electrodes are λ/8, 
where λ is the SAW wavelength. Using double finger IDTs, The SAW reflections at the 
edges of two adjacent electrodes will have a phase shift of pi at the center frequency, which 
means those reflections will cancel out, as shown in Figure 2.6 [5]. Although using a double 
finger IDT reduces the undesired reflections, it has a disadvantage of the requirement for a 
high resolution photolithography. Because the electrode width of a double finger IDT is half 
of that of a single finger IDT, in order to attain the same center frequency, the 
λ/2 
λ/4 
0° 
0° 
0° 
0° 
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photolithography resolution required for a double finger IDT must be twice of that for a 
single finger IDT. 
 
Figure 2.5 Structure of a uniform periodic IDT with double electrodes. 
 
Figure 2.6 Reflections from the electrodes of a double finger IDT 
 
 
λ/8 
0° 
270° 
180° 
-270° 
λ/8 
λ/8 
λ/4 
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CHAPTER 3. THE FUNDAMENTALS OF ACT DEVICES 
3.1 Basic ACT operations 
As stated in a previous section, there is a traveling electric field associated with a 
SAW in a piezoelectric substrate. The electric field can act with the charges in a 
semiconductor layer on the substrate. An ACT device is a device that uses the electric field to 
bunch charges and transport them in the semiconductor layer. 
The simplest type of ACT device is a delay line. Figure 3.1 shows schematically the 
cross section of an ACT delay line. When a high power SAW generated by an IDT 
propagates through the channel, an associated sinusoidal electric field generated by 
piezoelectric coupling will travel through the channel at the same speed and it causes a 
sinusoidal distribution of potential. Each trough of the potential can trap bunch electrons and 
transfer them through the channel. 
 
Figure 3.1 Schematic cross section of a basic ACT delay line. 
Piezoelectric material 
IDT 
Charge injection 
electrode 
Charge retrieval 
electrode 
Transfer 
channel 
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Electrons can be injected into the channel by the input electrode. When the SAW 
passes the input electrode, the potential trough will pick off charges from the input contact. 
The amount of the charges in each potential trough is proportional to the voltage on the input 
electrode at the time the charges leave the electrode. Therefore, the SAW acts as a sampling 
mechanism in an ACT device and the amount of charges in the potential troughs will 
represent the variation of the input signal. Then these charge packets are transferred to the 
output electrode by the SAW and the charges in each potential trough will be retrieved there. 
Thus, the input signal will be restored on the output electrode. 
3.2 SAW power requirements [17] 
In order to transport the charge packets, the traveling electric field must be large 
enough to keep the charges confined. Therefore, a minimum value of the electric field 
amplitude E is required. The maximum electric field E can be written as 
λ
piVE 2= ,     (3.1) 
where λ is the SAW wavelength, and V is the amplitude of the piezoelectric voltage 
generated on the surface of a substrate by the SAW. According to Auld [18], V can be written 
as 
( ) fAPV pi2//0Φ= ,    (3.2) 
where Φ0 is the normalized electric potential coefficient, f is the SAW frequency, P is the 
SAW power and A is the length of the transducer’s acoustic aperture perpendicular to the 
SAW propagation direction. Substituting (3.2) into (3.1) gives 
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( ) fAPE piλ
pi 2//2 0Φ= .   (3.3) 
According to (3.3), if a minimum value of the electric field E is required, the SAW power P 
also has a minimum requirement. This requirement is governed by two criteria. 
First is the mobility criterion which requires that the carriers driven by the electric 
field must be able to move at the velocity of the SAW. This criterion can be expressed by the 
following equation as 
µ/vE >
,     (3.4) 
where v is the velocity of the SAW and µ is the carrier mobility in the semiconductor channel. 
Substitution of (3.4) into (3.3) yields 
2
0
2
3
2
/
Φ
>
piµ
λvAP ,    (3.5) 
which gives the minimum SAW power required per unit length acoustic aperture that can 
satisfy the first criterion. 
Second is the thermal criterion which requires that the potential difference between 
SAW troughs and crests is much larger than the thermal energy so that the carriers will not 
diffuse between adjacent charge packets. The carriers are constrained in two dimensions. 
They are free in only one dimension. Therefore, the thermal energy will be ~kBT, where kB is 
Boltzmann’s constant, and T is absolute temperature. Thus, this criterion requires V much 
greater than kBT/e. If V=10kBT/e is taken for the purpose of the thermal criterion, the 
minimum SAW power required per unit length of acoustic aperture is  
2
0
102/ 





Φ
=
e
TkfAP Bpi ,    (3.6) 
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3.3 Structures of charge transport channels in ACT devices 
In an ACT device, a channel has to be formed so that the charges can be confined and 
transported in it. Currently, there are four ways to form a channel and confine charges in the 
channel. 
1. Depletion layer [7] 
Figure 3.2 shows the cross section of an ACT device with a depletion channel. The 
channel is formed by a Schottky-N-P layer geometry. When the N layer is biased with a high 
positive voltage, the whole N layer will be depleted. Thus, the electrons can be constrained in 
the N layer. 
 
Figure 3.2 Cross section of an ACT device with a depletion channel [7]. 
2. Semiconductor thin film 
In this structure, a semiconductor thin film is deposited on a piezoelectric substrate 
and is used as a charge transfer channel. The charge confinement in the vertical direction is 
achieved by the thin film itself. Figure 3.3 shows the cross section of this structure. 
3. Quantum well [19] 
The cross section of the quantum well structure is shown in Figure 3.4. A non-
intentionally doped (NID) GaAs layer is placed between an n-AlGaAs layer and a NID 
Cr:GaAs 
IDT 
+8V 
P 
N 
Metal 
Input 
Diode 
Output 
Diode +8V 
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AlGaAs layer. Because of the energy band-gap differences and alignment of the conduction 
bands between the GaAs and AlGaAs, a potential well is formed in the GaAs layer. This well 
confines electrons in the direction normal to the surface of the material. 
 
Figure 3.3 Cross section of an ACT with a thin film channel. 
 
Figure 3.4 Cross section of an ACT with a quantum well channel [19]. 
4. Single heterojunction [20] 
Unlike the quantum well structure which uses double-heterojunction, this structure 
uses only single heterojunction. Figure 3.5 shows its cross section. The electrons in the NID 
Piezoelectric substrate 
IDT 
Input 
Diode 
Output 
Diode 
Semiconductor thin film 
GaAs Substrate 
IDT 
Input 
Diode 
Output 
Diode 
Undoped Al0.33Ga0.67As (1µm) 
Undoped GaAs (40nm) 
n-type Al0.33Ga0.67As (70nm) 
Undoped GaAs (20nm) 
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GaAs layer are confined by the single heterojunction and the triangular potential created by 
the accumulated electrons. 
 
Figure 3.5 Cross section of an ACT device with a single heterojunction channel [20]. 
GaAs Substrate 
IDT 
Input 
Diode 
Output 
Diode 
Undoped GaAs (1µm) 
Undoped Al0.33Ga0.67As (20nm) 
n-type Al0.33Ga0.67As (170nm) 
n-type GaAs (20nm) 
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CHAPTER 4. PIEZOELECTRIC COUPLING CONSTANT IN 
EPITAXIAL Mg-DOPED GaN 
4.1 Introduction 
Surface acoustic wave (SAW) devices are widely used in many applications, such as 
bandpass filters, radar systems, communication systems and nonlinear convolvers. Their 
working frequencies are usually from a few MHz to more than 1 GHz. Typically, SAW 
devices are made on quartz or LiNbO3 because of their cost and excellent piezoelectric 
properties. 
Although SAW devices using quartz and LiNbO3 have proven highly successful, 
manufacturability would be considerably eased if SAW devices could be readily integrated 
with semiconductor devices. In a recent paper, Lee et al. [21] proposed Mg-doped epitaxial 
GaN as suitable for SAW devices integrated with other III-V materials. The 
electromechanical coupling factor (K2), is one important parameter determining the acoustic 
behavior of a material. A large K2 eases the design of wide-bandwidth low-loss SAW 
transducers. The piezoelectric constants are also of great interest in the design of strained-
layer devices. For GaN doped with Mg at concentration 1.2×1018/cm3, Lee et al. [21] found 
K2 = (4.3 ± 0.3)%, which is much higher than that of other III-V materials including undoped 
GaN. For example, GaAs has K2 = 0.04% [18]; Woods & Boroumand [22] confirmed that 
(0001) orientation undoped GaN has K2 = (0.066±0.003)% and O’Clock & Duffy [23] 
reported that ( 0211 ) orientation undoped GaN has maximum K2 = 0.18%. If the high K2 
value [21] of Mg-doped GaN is confirmed, this would represent one of the highest values of 
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K2 ever reported, and would revolutionize the design of acoustic devices integrated with III-
V materials. Because of the importance of the large reported value [21] of this parameter for 
this material, K2 was independently determined here using the same method as Lee et al. [21], 
but interpreting the results rigorously. 
4.2 Experiment 
4.2.1 Design of SAW filters 
In order to determine the electromechanical coupling constant of an Mg doped GaN 
film, SAW filters were designed in this work. Each filter had two separated transducers and 
the separation between the transducers was 5mm. The surface acoustic wave propagates from 
one transducer to the other transducer along the [ 1001 ] direction of sapphire, which 
corresponds to the [ 2110 ] direction in GaN [24]. Double-finger IDTs were used to reduce the 
electrode reflections. Each IDT has 150 pairs of double-fingers. The width and spacing 
between the fingers were both λ/8 and the SAW aperture was 50λ, where λ is the wavelength 
of the SAW. According to O’Clock & Duffy [23], K2 reaches its maximum when the GaN 
 
Figure 4.1 Schematic diagram of a SAW filter. 
150 pairs 150 pairs 
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… 
… 
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thickness-to-wavelength ratio is around 0.05. Therefore, IDTs having wavelengths of 32µm, 
40µm, 48µm and 56µm were used in this work. This gives thickness-to-wavelength ratios of 
0.0625, 0.05, 0.0417 and 0.0357, respectively. Figure 4.1 shows schematically the layout of a 
filter. 
4.2.2 Fabrication of SAW filters 
SAW filters were fabricated on an Mg doped GaN film using standard liftoff 
photolithographic techniques. The Mg doped GaN film ((0001) orientation) was grown by 
Technologies and Devices International, Inc., Silver Spring, MD, on a 2-inch c-plane 
sapphire substrate. The thickness of the GaN layer was 2µm. The concentration of Mg was 
1.2×1018/cm3. The sheet resistance of the GaN layer was determined to be 2.5kΩ/□ using the 
Van der Pauw technique on a sample from the same wafer used for the acoustic tests. The 
contacts used in this measurement were palladium (20nm) on the material, capped by gold 
(230nm) for external connections, deposited by e-beam evaporation [25]. The resistivity in 
turn was calculated to be 0.5Ω⋅cm. The transducers were fabricated by evaporated aluminum 
and the thickness of the aluminum electrodes was 200nm. The measured DC resistance of the 
IDTs used was typically 100kΩ, indicating that good Schottky barriers were formed by the 
IDT metallization. All the fabrication process was done at Microelectronics Research Center 
(MRC). Detailed procedures are listed as following: 
1. photoresist (AZ5209E) was spin coated at 4000 rpm for 40 seconds. 
2. the samples were baked at 120oC for 5 minutes on a hotplate. 
3. the photoresist was exposed for 90 seconds using the MJB3 Karl Suss mask 
aligner. 
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4. the samples were develop for 60 seconds using AZ312 MIF developer (Dilution 
1:1.2). 
5. 200nm aluminum films were deposited on the samples using BJD1800 Temescal 
e-beam evaporator. 
6. photoresist was removed from the samples using acetone. 
After the fabrication, these devices were connected to BNC connectors using a wire 
bonder. A photograph of the final device is shown in Figure 4.2. 
 
Figure 4.2 Photograph of the device. 
4.2.3 Measurement 
The time response of the SAW filters was measured by using a Textronix 2465B 
oscilloscope and the reflection coefficient for all devices was measured by a HP 8754A 
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network analyzer. The experimental arrangement used to measure the time response of the 
SAW filters is shown schematically in Figure 4.3. The switcher used in this work comprised 
two Mini-Circuits ZP-5X frequency mixers connected in series and driven as simple on/off 
RF gates. 
 
Figure 4.3 Schematic diagram of the experimental arrangement for time response 
measurement. 
4.3 Results and Discussion 
The electromechanical coupling factor K2 can be calculated using the following 
equation given by Hartmann et al. [26]: 
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where G is the radiation conductance of the SAW IDT, 0f is the center frequency, 0C is the 
static capacitance of the IDT, and N is the number of finger pairs in the IDT. 
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However, Woods & Boroumand [22] found that when G is very small compared to 
the reactance of 0C , it is difficult to evaluate G accurately from static measurements of 
impedances from reflectivity measurements because the radiation effects are masked by stray 
capacitance. They pointed out that  
])()(1[
2
2
0
22
pinp
in
CCRR
R
G +++
ℜ
= ω
δ
, (for small G only)  (4.2) 
where ℜδ is the change in reflection coefficient at center frequency with and without the 
radiation conductance present, inR is the source impedance, and pC is the capacitance of the 
device package. 
Therefore, G can be evaluated by measuring ℜδ . In principle, ℜδ can be measured by 
a network analyzer [22], as shown in Figure 4.4. 
 
Figure 4.4 A typical Smith chart of reflection coefficient for an interdigital transducer [22]. 
However, in the present work, ℜδ for all devices was too small to be measured, as 
shown in Figure 4.5. On the screen of the network analyzer, no change of the reflection 
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coefficient can be seen for any devices around the center frequencies. This indicates that G is 
very small. Therefore, it is impossible to use (4.1) to calculate K2. 
   
(a)                                                                                    (b) 
   
(c)                                                                                     (d) 
Figure 4.5 Smith chart of reflection coefficient for all devices. (a) device wavelength 32µm, 
(b) device wavelength 40µm, (c) device wavelength 48µm, (d) device wavelength 
56µm. 
Another way to evaluate K2 is to measure the insertion loss of a SAW filter. Using the 
equivalent circuit model of an IDT given by Hartmann et al. [26], at center frequency the 
acoustic susceptance B is zero [26], so that the equivalent circuit is that shown in Figure 4.6. 
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Figure 4.6 Simple equivalent circuit model used to estimate the IDT transduction loss. 
Since only half of the radiated SAW power propagates directly to the receiver IDT, 
the insertion loss of a single IDT is then 
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For the present devices, 0CG ω<< and 10 <<CRinω , so that the insertion loss of one IDT can 
be reduced to  
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Since the propagation loss in a sapphire substrate is very small, it can be ignored. The 
insertion loss of a SAW filter using two IDTs is then 
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Therefore, once the insertion loss of a SAW filter is measured, K2 can be calculated 
from equation (4.5). In the presented work, the insertion loss of a SAW filter was measured 
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from the time response of that filter. Figure 4.7 shows the time response of each of the four 
devices to an RF pulse. No output signal was detected for the device having λ = 32µm. For 
the other three devices, weak output signals were detected. A drop of water placed between 
the transducers of each device severely attenuated the output signal after the breakthrough 
burst pulse, which showed that the output signal was produced by a surface acoustic wave. 
The frequencies of the acoustic burst pulse signals at maximum received acoustic amplitude 
were 136.09MHz, 114.48MHz and 98.64MHz, respectively. Therefore, the velocity of the 
surface acoustic wave is around 5500m/s under the transducers, which agrees with the result 
given by O’Clock & Duffy [23]. Since the space between the two transducers of each device 
is 5mm, the time delay is about 1µs as shown in Figure 4.7.  
The insertion loss of a SAW filter can be measured by replacing that filter with an 
attenuator and comparing the amplitude of the attenuator output signal to the amplitude of the 
acoustic burst pulse signal through the filter. In the presented work, the insertion loss of each 
SAW filter was measured to be higher than 80dB. Hence, the electromechanical coupling 
factor K2 of the Mg-doped GaN epilayer was less than 1×10-4%. This is extremely small 
compared to the value K2 = (4.3 ± 0.3)% reported by Lee et al. [21]. This value is also much 
smaller than the value K2 = (0.066±0.003)% given by Woods & Boroumand [22] for undoped 
GaN. Our lower value shows that the Mg-doped GaN epilayer does not appear to be a 
practical material for SAW devices. 
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(a)                                                                                         (b) 
   
(c)                                                                                          (d) 
Figure 4.7 Time response of SAW filters to an RF pulse. Horizontal axis: 500ns/div; vertical 
axis: voltage (arbitrary units). In each case, the received acoustic pulse starts ~2 
horizontal divisions after the end of the launching RF pulse and is comparable 
with system noise. Acoustic wavelength (a) 32µm, (b) 40µm, (c) 48µm, (d) 56µm. 
4.4 Conclusions 
SAW filters were fabricated on an Mg-doped GaN epilayer grown on a sapphire 
substrate. For devices having λ = 40µm, 48µm and 56µm, very weak output signals were 
detected in the measurement of their time response to an RF signal at center frequencies of 
136.09MHz, 114.48MHz and 98.64MHz respectively. No change of the reflection coefficient 
was detectable using the available network analyzer for all devices around the center 
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frequencies. The insertion loss for all devices was higher than 80dB. Detailed equivalent-
circuit analysis of the insertion-loss results, taking complete account of the test fixture 
impedance, stray capacitance, and other electrical properties, which appears not to have been 
done by the original authors [21], shows that K2 for the Mg-doped GaN epilayers has an 
upper bound of ~0.0001%. This is extremely small, much less than other III-V materials, and 
so this material does not appear to be as promising for SAW applications as was claimed by 
Lee et al. [21]. The IDT DC resistance was much larger than the system RF characteristic 
impedance although the layer resistivity was quite low, indicating that good Schottky 
contacts were maintained and also indicating that the Mg dopant may have been activated in 
the sample used, even though it had not been annealed after deposition. 
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CHAPTER 5. DESIGN OF PENTACENE ACOUSTIC 
CHARGE TRANSFER DEVICES 
5.1 Introduction 
Acoustic charge transfer (ACT) devices are based upon moving charges in a 
semiconductor using surface acoustic waves. They are promising devices for building 
powerful analog signal processors which will have many applications in both defense and 
commercial areas. Because of the properties of high processing speed, small size, light 
weight and low power consumption, they will have many applications, including innovative 
modems, channel simulators, video and IF preprocessors and receiver post-processors for 
communications, radar, electronic warfare, and instrumentation systems [12]. 
In order to move charges, a charge transfer channel must be defined in an ACT device. 
The formation of channels in current ACT devices involves epitaxial layers of III-V 
semiconductors. For example, Hoskins et al. [7] used Schottky-N-P layer geometry to form a 
channel; Tanski et al [19] demonstrated an (Al,Ga)As/GaAs/(Al,Ga)As heterojunction 
channel; Hayden et al [20] reported an (Al,Ga)As/GaAs single heterojunction ACT device. 
However, growing epitaxial layer for III-V semiconductors needs expensive deposition 
techniques, such as MOCVD and MBE. In this work, a new ACT device was designed using 
organic semiconductor pentacene as a charge transfer channel which can be easily formed by 
thermal evaporation so that the low fabrication cost can be exploited in an ACT device. That 
will make ACT devices more attractive. 
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5.2 Design of acoustic charge transfer devices using pentacene [17] 
The goal of this novel ACT is to use pentancene as a charge carrier transfer channel. 
The pentacene will be deposited along the SAW propagation track on a piezoelectric 
substrate. The charge confinement in vertical direction is achieved by the pentacene layer 
itself. However, the carrier mobility in pentacene is very small, about 10-4m2V-1s-1 [27]. 
According to (3.5), if the SAW wavelength is 12µm and the SAW propagates along Z 
direction in a Y-cut LiNbO3 substrate, i.e. v=3487.7m/s [18] and Φ0=14500Vm1/2J-1/2 [18],  
the minimum requirement for the SAW power per unit length of acoustic aperture is 
3.86×104Wm-1. If bidirectional IDTs are used and the IDTs are operated matched, the 
minimum electrical power input required per unit length of acoustic aperture is twice of the 
SAW power requirement, i.e. 7.72×104Wm-1. For a typical simple SAW transducer aperture 
of 0.5mm, this corresponds to 38.6W electrical drive, which is too high for efficient practical 
operation. Since the power requirement is proportional to v3, a substantial reduction in power 
requirement may be expected for substrates having low SAW velocity. Of all the commonly 
available SAW substrates, Bi12GeO20 has by far the lowest SAW velocity. Therefore, it is the 
most attractive substrate in this application. However, even if a Bi12GeO20 substrate is used, 
the required electrical drive is still as high as 10.9W. 
To further reduce the required electrical drive power, a SAW beam compressor will be 
used which can focus down a large aperture of SAW produced by an IDT to a narrow 
guilded-beam acoustic track. This technique has been used for many years in LiNbO3 SAW 
convolvers so that a high SAW power density could be achieved to enhance the non-linearity. 
Several ways have been used to compress SAW beamwidth, including thin-film metalized 
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straight edge horn [28], thin-film metalized parabolic horn [29], multistrip coupler [30], and 
chirped IDTs [31]. All these methods have proven highly successful in improving the SAW 
power density. After the comparison of their advantages and disadvantages, as shown in 
Figure 5.1, the parabolic metalized horn design was finally chosen. By such a horn the SAW 
beam will be compressed to around 3λ aperture in order to obtain a high acoustic power 
density and avoid the multimoding effect [32]. Using a beam compressor can reduce the 
required minimum electrical drive power for a LiNbO3 and a Bi12GeO20 substrate to 2.78W  
and 0.78W, respectively. 
Figure 5.1 A comparison of the advantages and disadvantages of different beam compression 
methods 
After the SAW beam being compressed to 3λ aperture, a topographic waveguide will 
be used to prevent the compressed SAW beam from diffracting to much larger apertures. In 
order to form a topographic waveguide, a mass will be deposited on the surface of a substrate 
and the deposited material must be able to cause a reduction of the SAW velocity as required 
to guide SAW. For an isotropic substrate, the change of the SAW velocity caused by the 
extra mass is given by [18] 
 Advantages Disadvantages 
Straight Edge Horn Very easy to design Compressor is long Severe mode coupling problem 
Parabolic Horn Easy to design Compressor is long 
Multistrip Coupler Easy to design Compressor is short 
Require high-resolution 
photolithography to fabricate. 
Chirped IDTs No need of compressor Hard to design 
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where h is the layer thickness (small compared to a SAW wavelength), ρ’ is the mass density 
of the deposited material, v⊥ and v|| are the perpendicular and tangential surface particle 
velocities respectively, P/A is the acoustic SAW power per unit acoustic aperture length, and 
'
12c  and 
'
44c  are the elastic constants of the deposited material. If the deposited material can 
cause a positive ∆v/v, then it can be used for a topographic waveguide. Fortunately, 
Pentacene is such a material that will cause a positive ∆v/v. Therefore, the pentacene charge 
transfer channel in this design will also be used as a topographic waveguide. 
Since the elastic constants of thin-film pentacene or similar materials do not appear to 
have been reported previously, the accurate value of ∆v/v is unable to be calculated. However, 
an estimate value can be given using the parameters of a similar material. Among all the 
organic materials which have elastic constants listed in Reference [33], naphthalene has the 
largest '44c , which is 330×10
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The quantities ( )AP
v
/
2
⊥
 and ( )AP
v
/
2
||
 are tabulated by Auld [18] for a number of 
materials, including Bi12GeO20. Using the values h=1µm, ρ'=1300kgm-3 [34], and λ=12µm, 
gives 
0086.0≈∆
v
v
    (5.2) 
The final design of a pentacene ACT (PACT) device is shown in Figure 5.2, in which 
the IDT produces the SAW; the beam compressor is used to compress the SAW beam to 
reduce the minimum requirement of the electrical drive power; the pentacene layer is used as 
a charge transfer channel and a SAW waveguide; and the injecting and retrieving electrodes 
are used to inject and retrieve charges. 
5.3 Design of a parabolic SAW beam compressor 
Since the shape of the compressor is determined to be a parabolic horn, the key point 
of the design is to obtain the parabola equation. This can be easily done using ray optics.  
 
Figure 5.3 Geometry of beam compressor. 
x 
y 
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Figure 5.3 shows the reflection of a surface acoustic beam in a parabolic compressor and a 
waveguide. Within the horn and the waveguide, the SAW velocity (vin) is less than the 
velocity (v) outside the horn and the waveguide. The guiding action is achieved by total 
internal reflection of the SAW beam at the interfaces between the slow and fast regions. 
From Snell’s law in optics, the critical angle θc is defined as 
v
vin
c
1cos−=θ  
Thus, 
v
v
v
vin
c
∆
−== 1cosθ , 
where ∆v=v-vin . Referring to Figure 1, the relation between the horn taper angle α and the 
zigzag angle θ is easily found from geometry as 
αθ 2=
 
The SAW beam suffers a total internal reflection when θ≤θc. Therefore, 
v
v
c
∆
−=≥ 1coscos θθ  
v
v∆
−≥ 12cos α .    (5.3) 
According to double-angle formulae, 
αα 2sin212cos −=
.    (5.4) 
Substituting (5.4) into (5.3) gives 
v
v∆
−≥− 1sin21 2 α  
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For a parabolic horn beam compressor, the taper angle is smallest at the widest part of the 
horn and is largest at the narrowest part of the horn. Therefore, if the largest taper angle 
satisfies (5.5), then all the taper angles will satisfy (5.5). To simplify the calculation, assume 
the parabola equation is 
2pyx =
, 
where p is a constant. Thus, the largest taper angle αmax is 
pdpd
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where d is the width of the waveguide. To make αmax satisfy (5.5), p has to satisfy 
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To minimize the length of the parabolic horn, the minimum value of p is taken. Thus, the 
parabola equation is then 
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The length of the parabolic horn in turn is  
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If the compression ratio CR is defined as 
dwCR /= , 
(5.8) can be written as 
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which is in agreement with the length given by Malocha [35]. 
In this design, d=36µm, which is equal to three SAW wavelengths. According to (5.2), 
∆v/v is approximately equal to 0.0086 for a 1µm-thick pentacene layer on a Bi12GeO20 
substrate. However, there is a large uncertainty and the actual ∆v/v value might be less than 
0.0086. According to (5.7), the ∆v/v value used to design the compressor should be equal to 
or less than the actual value. Therefore, a value of ∆v/v=0.007 which is a little bit less than 
0.0086 was chosen to design the compressor. From (5.1), it is seen that the actual ∆v/v value 
can be adjusted by the thickness of the pentacene layer. So, even the ∆v/v value fixed on the 
mask didn’t satisfy (5.7) for a 1µm-thick pentacene layer, the final thickness of the pentacene 
layer might increase to make the actual ∆v/v value greater than 0.007. The choice of CR was 
a tradeoff between the IDT aperture and the compressor length. For the IDT, a large CR is 
desired for a large aperture to reduce beam steering and diffraction [16]. For the compressor, 
a small CR is expected for a short length. Finally, CR=10 was chosen in this work to give a 
30-wavelength IDT aperture and a 1.506cm compressor so that the whole device could be 
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fabricated on a 2-inch wafer. Thus, the parabola equation for the compressor in this work is 
then 
2469.0 yx =      (5.9) 
5.4 Design of masks 
The whole ACT device was defined by three masks. Mask 1 defined the IDTs, 
parabolic horn SAW beam compressor, and Schottky electrodes. The input IDT was made of 
15 pairs of single fingers. The width of each finger and the spacing between two adjacent 
fingers were 3µm. Thus, the SAW wavelength was 12µm. The aperture of the input IDT was 
360µm which is 30 times of the SAW wavelength. The edge of the parabolic horn was 
determined by (5.9). In this design, the parabolic compressor was approximated by 500 
trapezia which evenly divided the compressor along the x axis. It is easy to show that this 
approximation only gives a maximum error of 0.01µm which is far beyond the resolution of 
the mask aligner at MRC. Therefore, these trapezia were good enough to describe a parabolic 
horn. The width of the Schottky electrodes was 3µm. Mask 2 defined the Ohmic electrodes 
and bonding pads. The width of the Ohmic electrodes was also 3µm. An Ohmic electrode 
and a Schottky electrode will form an input or output diode. The spacing between the two 
electrodes changed from 3µm to 12µm so that an input signal could be processed in different 
ways. Mask 3 defined the pentacene charge transfer channel. The width of the channel was 
36µm and the length is 6mm. In order to generate the patterns of these parts, a small SKILL 
program was written and run in Cadence. After that, a number of alignment marks were put 
on each mask. Each alignment mark consisted of four crosses with different sizes. 
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5.5 Distillation of pentacene 
5.5.1 The reasons of pentacene distillation 
It was reported [36] that the impurities in pentacene can decrease the hole mobility in 
pentacene. According to (3.5), the minimum power requirement is inversely proportional to 
µ2. Thus, increasing the hole mobility in pentacene can greatly reduce the required SAW 
power. However, Pentacene purchased from Aldrich only has a purity of 97%. It contains 
nonnegligible amounts of 6,13-dihydropentacene (DHP), 6,13-pentacenequinone (PQ), 
aluminum, and iron [37]. Therefore, it is important to purify pentacene. The purification is 
generally done by sublimation in a temperature gradient furnace. Since impurities and 
pentacene have different sublimation temperatures, they will deposit and be separated in 
different temperature zones in a gradient furnace. Thus, impurities can be removed from 
pentacene. 
5.5.2 The design of a temperature gradient furnace 
In the present work, a temperature gradient furnace was designed. The schematic of 
the temperature gradient furnace is shown in Figure 5.4. The whole furnace consisted of a 
quartz source tube, a pyrex crystal growth tube, a quartz reactor tube and a pyrex insulation 
tube, the sizes of the tubes [37] are shown in Figure 5.4. A Nickel-Chromium alloy heating 
wire was used to heat the furnace. 
In this design, the determination of the heating wire model is important. Reference 
[38] describes how to design a heating coil for a furnace. 
The power needed to heat the furnace can be calculated by 
t
TCW
P PT
×
∆
=
3412 , 
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where P is the power in kW, WT is the weight of the furnace material in lb, CP is the specific 
heat of the furnace material in BTU/lb·°F, ∆T is the temperature difference in °F, and t is the 
time allowed for heat-up time in hr. In the present work, a quartz reactor tube was used as a 
furnace, and a quartz source tube and a pyrex crystal growth tube were also heated. The sizes 
of the tubes were shown in Figure 5.4. In order to simplify the calculation, the mass density 
and the specific heat of quartz were used for all the three tubes in the following calculation. 
 
 
 
 
 
 
Figure 5.4 Schematic diagram of a temperature gradient furnace 
Therefore, the weight of the material heated is 
VWT ρ=
 
where ρ is the mass density of the heated material, V is the volume of the material. Using the 
sizes of the tubes, V is calculated to be 
( ) ( ) ( )[ ]13.00153.00175.005.00122.00145.04.0018.002.0
4
1 222222 ×−+×−+×−= piV  
=0.3365×10-4 m3. 
The density for quartz is 138lb/ft3 [38], which is equal to 2211kg/m3. Therefore, the weight 
of the three tubes is 
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WT = 2211×0.3365×10-4 = 0.0744 kg = 0.164 lb 
The specific heat of quartz is 0.26BTU/lb·°F [38]. According to [37], the distillation 
temperature is better under 300°C to avoid any residue or byproducts. However, in this 
design, a temperature of 450°C which is equal to 800°F was used to give a large margin for 
possible future uses. Thus, if assume that the temperature is even all over the furnace, and the 
room temperature is 70°F, the temperature difference is then 
73070800 =−=∆T °F  
If the heat-up time t=0.08hr, the power needed for heating up the tubes is 
114.0
08.03412
73026.0164.0
=
×
××
=P  kW 
The power loss from the surface due to convection and radiation can be calculated 
from the heat loss curve. However, the heat loss curve for quartz is not provided by this 
reference. In order to estimate the power loss, a value of 600W/ft2 for oxidized aluminum at 
800°F [38] is used here. The surface area of the furnace is 
pi×0.02×0.4×2 = 0.0503 m3 = 0.5414 ft2. 
Therefore, the power loss is 
27.083.0
1000
5414.0600
=×
×
=lossP  kW, 
where a factor of 0.83 is multiplied since the furnace is a horizontal pipe [38]. 
For start-up operations, the required power is [38] 
338.015.1)3/2( =×+= lossstart PPP  kW 
For sustained operations, the required power is [38] 
31.015.1 =×= losssustain PP  kW 
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Therefore, the start-up is the governing power for this furnace. Since the furnace is heated by 
a resistance heating wire, the resistance must satisfy 
8.35
1000338.0
11022
=
×
=≤
startP
UR  Ω, 
where U is the voltage applied to the furnace. 
Assume that there is a turn of heating wire every half centimeter along the furnace, so 
there are a total of 80 turns of the heating wire. The total length of the heating wire is then 
80×pi×0.02 = 5.03 m = 16.5 ft 
Therefore, the resistance per unit length will be less than 
17.25.16/8.35 =  Ω/ft 
The closest Omega heating wire model that satisfies the above requirement is NI80-
020 which has the resistance per unit length of 1.72Ω/ft at 800°F. 
After the heat wire was wrapped on the reactor tube, it was connected to an autotune 
PID (proportional, integral, derivative) temperature controller (Omega CN77333) which has 
a high accuracy of ±0.5°C. The source temperature was regulated by the controller through a 
thermocouple (Omega TJC36-CASS-032G-18-SMP-M). This thermocouple has a stainless 
steel sheath to give minimum contamination to the pentacene. 
5.5.3 Operation of the furnace 
Pentacene was placed in the source tube, the source tube was placed inside the crystal 
growth tube, and both were placed in the reactor tube before heating. Argon with a purity of 
99.996% was used as carrier gas and flew through the furnace during the entire sublimation. 
The flow rate was about 30mL/min [37] and it was so small that an over-night running did 
not significantly change the oxygen concentration in the laboratory even without a fume 
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hood. Heat was applied to the tube following a specific heating profile [37], as shown in 
Figure 5.5, to control the areas in which the materials were deposited. The heating profile 
was approximately measured by a thermometer (Omega HH12A) and could be adjusted by 
changing the relative positions of heating wire turns. The source temperature was controlled  
 
 
 
 
Figure 5.5 The temperature profile of the furnace. 
at 300oC to avoid any residue or byproducts [37], and the variation was less than 5oC. The 
distillation lasted 48 hours which is much longer than that in [37]. However, after the 
distillation, only a small amount of pentacene was deposited in the crystal growth tube, and 
there was lots of black residue left in the source tube which should not happen according to 
[37]. More experiments are needed to optimize the distillation conditions. 
5.6 Fabrication of pentacene ACT devices 
Since pentacene is insoluble in most solvents, it was planned to fabricate the devices 
using standard liftoff photolithographic techniques. It took three steps to make a whole 
device. In the first step, mask 1 was used to pattern IDTs, parabolic SAW beam compressors 
and Schottky electrodes. Then, a 250nm-thick aluminum film was deposited on a 2-inch 
LiNbO3 substrate to form those parts defined by mask 1. In the second step, Ohmic 
electrodes and bonding pads were patterned by mask 2, and a 250nm-thick gold film was 
then deposited to form the Ohmic electrodes and the bonding pads. In the third step, mask 3 
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was used to pattern a pentacene charge transfer channel. Then the channel was form by 
depositing a 1µm-thick pentacene film. The pentacene film was deposited by thermal 
evaporation in a high vacuum chamber with base pressure 5×10-6torr. 
The first two steps were easily done. However, there was some trouble in the third 
step to make the pentacene charge transfer channel using standard liftoff technique. The 
trouble was the adhesion between pentacene and the LiNbO3 substrate was so weak that the 
pentacene was easily peeled off from the substrate. After the deposition of pentacene, when 
isopropanol was used to remove the photoresist, the pentacene channel was ruined as well.  
 
 
 
 
 
 
 
 
(a)                                                                       (b) 
Figure 5.6 Photos of the pentacene layer. (a) before removing photoresist, (b) after removing 
photoresist. 
Figure 5.6 shows photos of the pentacene layer before and after removing the photoresist. As 
shown in Figure 5.6 (a), the film was homogeneous and there was no apparent pattern on it, 
which means the deposition of pentacene was successful. However, after removing the 
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photoresist, not only the unwanted pentacene but most of the pentacene needed to form the 
charge transfer channel was removed. The channel line was broken into many small parts, as 
shown in Figure 5.6 (b). Several ways were tried to reduce the damage to the pentacene 
channel, which include using different organic solvents, such as acetone and isopropanol, to 
remove the photoresist; reducing the agitation during the photoresist removal;  and depositing 
 
 
 
 
 
 
 
 
Figure 5.7 Photo of a good pentacene charge transfer channel. 
pentacene films at different rates from 1Å/sec to 5Å/sec. But none of them showed the 
acceptable results. Sometimes, a good result could be obtained, as shown in Figure 5.7. 
However, the reproducibility was very poor. The reasons are still under investigation. 
 
 
5.7 Conclusions 
A design of pentacene ACT was proposed in this work. The minimum requirement of 
the electrical power was calculated for a SAW with a wavelength of 12µm. In order to reduce 
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the required electrical drive power, a parabolic SAW beam compressor was used and the 
detailed design of the parabolic compressor was given. Since commercially available 
pentacene contains nonnegligible amounts of impurities and will harm the performance of 
this novel ACT device, a temperature gradient furnace was set up to distill pentacene. The 
device could be fabricated using standard liftoff photolithographic techniques. However, 
there were some problems fabricating the pentacene charge transfer channel by liftoff 
techniques. Solutions are under investigation. 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 
6.1 Conclusions 
SAW filters were fabricated on an Mg-doped GaN epilayer using standard liftoff 
lithographic techniques. The measurement of the time response showed that these devices 
had very weak output signals. The center frequencies were 136.09MHz, 114.48MHz and 
98.64MHz for devices with wavelengths of 40µm, 48µm and 56µm, respectively. No change 
of the reflection coefficient was detectable using the available network analyzer for all 
devices around the center frequencies. The insertion loss for all devices was higher than 
80dB which showed that K2 for the Mg-doped GaN epilayers had an upper bound of 
~0.0001%. This is extremely small, much less than other III-V materials, and so this material 
does not appear to be promising for SAW applications. 
A design of a pentacene ACT device was discussed in this work according to a 
previous proposal of Woods [17]. Because the charge mobility of pentacene is very small, the 
minimum requirement of the SAW power per unit acoustic aperture is very high. In order to 
reduce the required electrical drive power, a parabolic SAW beam compressor was used and 
the detailed design of the parabolic compressor was given. It is known that commercially 
available pentacene contains nonnegligible amounts of impurities so that its charge mobility 
will be low. Therefore, a temperature gradient furnace was set up to distill pentacene to 
improve the carrier mobility. The device is expected to be fabricated using standard liftoff 
photolithographic techniques. However, some problems were met when the pentacene charge 
transfer channel was fabricated. Solutions are under investigation. 
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6.2 Future work 
The research of pentacene ACT device is still in the initial stage. Some important 
future work is: 
1. Optimize the fabrication of pentacene charge transfer channel, and improve the 
reproducibility. The key point here is to increase the adhesion between pentacene 
and the LiNbO3 substrate. Two ways might be considered: a) increase the 
substrate temperature when depositing pentacene film; b) deposit some other 
material which can act as an adhesive between pentacene and the substrate. 
2. Purify pentacene using a temperature gradient furnace. This will increase the 
charge mobility in pentacene, which in turn reduces the minimum requirement of 
the electrical drive power. 
3. Fabricate devices on a Bi12GeO20 substrate. Since the SAW velocity in a 
Bi12GeO20 substrate is much slower than that in a LiNbO3 substrate, the required 
electrical power will be dramatically reduced. 
4. Use SAWs with shorter wavelengths. Shorter wavelengths mean higher 
frequencies. Since SAW acts as a “clock” in an ACT device, SAWs with higher 
frequencies can sample signals with higher frequencies. Using shorter 
wavelength SAWs can reduce the power requirement as well. 
5. Use other materials as the charge transfer channel, such as nanocrystalline silicon 
and ZnO. These materials have much higher carrier mobility. The power required 
becomes so small that a SAW beam compressor is unnecessary. This will greatly 
simplify the design of the ACT devices. These materials can be easily deposited 
as well. 
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APPENDIX A. EQUATIONS OF MOTION IN A 
HOMOGENEOUS SOLID MEDIUM [14] 
Consider an infinitesimal volume element within a homogeneous solid medium with 
sides of length ∆x1, ∆x2, ∆x3, parallel to the x1, x2, x3 axes, as shown in Figure 2.1, the stress 
exerted on each face of the infinitesimal volume element can be divided into three 
 
Figure 2.1 Forces exerted on an infinitesimal volume element. 
components along the three axes. Assume the x1 component of the stress acting on plane 
x1=0 is T11, since ∆x1 is small, the x1 component of the stress acting on plane x1=∆x1 will be 
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x3=∆x3 are T13 and 3
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∂
+ . Therefore, along x1 axis, the total force exerted on the 
infinitesimal volume element is 
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If there are no body forces exerted, by Newton’s second law, the equation of motion 
of the infinitesimal volume element along the x1 direction is 
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where ρ is the density of the medium, u1 is the x1 component of the displacement of the 
infinitesimal volume element. Eliminating 321 xxx ∆∆∆  reduces (A.1) to 
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Similarly, the equations of motion of the infinitesimal volume element along the x2 and x3 
directions are 
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where u2 and u3 are the x2 and x3 components of the displacement of the infinitesimal volume 
element, respectively. (A.2a), (A.2b) and (A.2c) are the equations of motion of each 
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infinitesimal volume element of the elastic medium in Cartesian coordinate system. They can 
be written as 
∑
=
∂
∂
=
∂
∂ 3
1
2
2
j j
iji
x
T
t
uρ  (i=1, 2, 3).   (A.3) 
Using the Einstein summation convention which implies that when an index occurs more 
than once in the same expression, the expression is implicitly summed over all possible 
values for that index, equation (A.3) can be reduced to 
j
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t
u
∂
∂
=
∂
∂
2
2
ρ   (i, j=1, 2, 3).   (A.4) 
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APPENDIX B. WAVE EQUATIONS IN A PIEZOELECTRIC 
ELASTIC MEDIUM [14] 
In a piezoelectric material, a strain will cause an electric field. That electric field in 
turn will affect the strain. Therefore, the stress depends on not only the strain but also the 
electric field, and it can be expressed as 
kkijkl
E
ijklij EeScT −= , (i, j, k, l=1, 2, 3)  (B.1) 
where Eijklc  is the elastic constant when the electric field is a constant, kije  is the piezoelectric 
constant, and Ek is the electric field generated by the strain. 
Since the wavelength of the electromagnetic wave generated by a SAW is much 
longer than the size of the general SAW device, the electric field can be consider static and it 
can be written as 
k
k
x
E
∂
Φ∂
−=   (k=1, 2, 3).   (B.2) 
Substituting (B.2) into (B.1) leads to 
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Substitution of (B.3) into (A.4) yields 
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Furthermore, for an insulator, the electric displacement must obey the Poisson 
equation 
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0=
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j
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x
D
.     (B.5) 
In a piezoelectric material, the electric displacement is equal to 
kjkkljklj ESeD ε+= ,     (B.6) 
where εjk is the components of the dielectric constant of the piezoelectric material. 
Substituting (B.6) into (B.5) gives 
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xxxx
u
e ε .    (B.7) 
Hence, the wave equations in a piezoelectric material are described by the equation set of 
(B.4) and (B.7). 
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